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Experimental Inves t iga t ion  o f  Containment i n  

Constant-Temperature Radial-Inflow Vortexes 

SUMMARY 

An experimental inves t iga t ion  was conducted t o  determine L e  containment 

This engine concept is based on t h e  
cha rac t e r i s t i c s  of radial- inf low vofiexes f o r  p o t e n t i a l  appl ica t ion  t o  a vortex- 
s t a b i l i z e d  nuclear l i g h t  bulb engine. 
transfer of energy by thermal r ad ia t ion  from gaseous nuclear f u e l  contained i n  a 
vortex through an in t e rna l ly  cooled transparent w a l l  t o  seeded hydrogen propel lant .  
A t ransparent  bu f fe r  gas would be in jec ted  a t  the  inner surface of t he  t ransparent  
w a l l  t o  dr ive  t h e  vortex and t o  i s o l a t e  t h e  wall from the  f u e l  and f i s s i o n  products. 

Tests were conducted using 10-in.-dia by 30-in.-long vortex tubes.  A i r  used 
t o  simulate the  buf fer  gas was injected through por t s  i n  t h e  per iphera l  walls of 
t he  vortex tubes.  Iodine mixed with one of  four other  gases (helium, nitrogen, 
s u l f u r  hexafluoride o r  a heavy fluorocarbon, FC-77) was used t o  simulate t h e  
gaseous nuclear fue l .  
locat ions:  a t  one end w a l l  without s w i r l  through 10 small tubes; a t  one end w a l l  
wi th  s w i r l  through 10 w a l l  jets; o r  r a d i a l l y  inward from t h e  per ipheral  w a l l  
through 12 small tubes a t  t h e  axial mid-plane of t he  vortex tube.  
removed through 1.0-in.-dia thru-flow por t s  a t  t h e  center  of one o r  both end 
walls. 
both end walls (axial bypass) o r  through ports  a t  t h e  per iphera l  w a l l  (per iphera l  
bypass).  
vortex were determined using an a x i a l  l i g h t  beam absorption technique. 

The simulated f u e l  was in jec ted  a t  severa l  d i f f e ren t  

Flow was 

Flow a l s o  was removed through 1/8-in.-wide annul i  a t  t h e  outer  edges of 

The amount and r a d i a l  d i s t r i b u t i o n  of simulated f u e l  contained i n  t h e  

The e f f e c t s  on containment of changes in  the  following were invest igated:  
(1) t h e  geometry of t h e  simulated-fuel inject ion configurations,  (2)  t h e  number of 
thru-flow por t s  used, (3)  t h e  r a d i a l  Reynolds number (a measure of t h e  amount of 
flow withdrawn through t h e  thru-flow por t s )  and t h e  corresponding amount of bypass 
flow, and (4 )  t h e  molecular weight of t h e  simulated fue l .  

1 



RESULTS AND CONCLUSIONS 

I 1. When a helium/iodine m i x t u r e  was used as simulated fue l ,  l i t t l e  or no 
simulated f u e l  was detected near t he  per iphera l  w a l l .  The amount of 
simulated f u e l  detected near t he  w a l l  increased when heavier mixtures were 
used. This r e s u l t  ind ica tes  that t h e  favorable r a d i a l  gradient  of densi ty  
(density increasing with increasing radius  ) ex i s t ing  when t h e  helium/iodine 
mixture was used probably reduced turbulen t  d i f fus ion  of simulated f u e l  
outward toward t h e  per ipheral  w a l l .  If t h i s  hypothesis i s  correct ,  t he  
favorable gradients  t h a t  would e x i s t  i n  t h e  bu f fe r  region of a nuclear l i g h t  
bulb engine due t o  r a d i a l  temperature gradients  should a l s o  reduce t h e  
diffusion of f u e l  r a d i a l l y  outward through the  buffer-gas region. 

2. Increasing t h e  r a d i a l  Reynolds number r e su l t ed  i n  decreases i n  t h e  amount of 
simulated f u e l  near t he  per iphera l  w a l l .  Also, f o r  a given r a d i a l  Reynolds 
number, less simulated f u e l  was detected near t he  per iphera l  w a l l  f o r  
configurations employing axial bypass than f o r  configurations employing no 
bypass. However, it is expected that reductions i n  t h e  amount of simulated 
f u e l  near t he  per iphera l  w a l l  could be obtained f o r  no-bypass configurations 
by using smaller simulated-buffer-gas in j ec t ion  areas  than were used i n  t h i s  
t es t  program. 

3. Changes i n  t h e  loca t ion  a t  which t h r u  flow was removed ( a  por t  a t  t h e  center  
of e l the r  end w a l l  or por ts  i n  both end walls) did not s i g n i f i c a n t l y  a f f e c t  
containment. Thus, it is probable t h a t  only one thru-flow por t  would be 
required i n  a nuclear l i g h t  bulb engine. 

4. Inject ion of simulated f u e l  a t  one end w a l l  without s w i r l  through 10 small 
tubes a t  a radius  of 2.5 i n .  was t he  most s a t i s f a c t o r y  simulated-fuel 
in jec t ion  configuration t e s t ed .  In j ec t ion  a t  one end w a l l  wi th  s w i r l  and 
in jec t ion  r a d i a l l y  inward from t h e  per iphera l  w a l l  a t  t h e  axial mid-plane 
resul ted i n  s ign i f i can t  simulated-fuel dens i t ies  near t h e  per iphera l  w a l l .  
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INTRODUCTION 

One of t h e  most i n t e re s t ing  propulsion concepts f o r  space travel i n  t h e  
post-1975 time period is  t h e  gaseous nuclear rocket engine. I n  t h i s  engine 
concept, heat is  t r ans fe r r ed  by thermal radiat ion from a gaseous f i ss ioning  f u e l  
t o  a propel lant  such as hydrogen. Because of the high temperatures obtainable 
i n  t h e  gaseous fue l ,  such engines can theo re t i ca l ly  provide values of s p e c i f i c  
impulse on t h e  order  of 1500 t o  3000 see and thrust-to-weight r a t i o s  g rea t e r  than 
uni ty .  The primary problems associated with such engines are t h e  containment of 
t he  gaseous f u e l  i n  a cavi ty  and the  t r ans fe r  of heat  from the  f u e l  t o  t h e  
propel lant .  
such t h a t  conventional materials and cooling techniques may be used i n  t h e  
containment ves se l  and exhaust nozzle. 

The containment and heat  t r a n s f e r  m u s t  be  accomplished i n  a manner 

Research on the  cha rac t e r i s t i c s  of gaseous nuclear rockets has been ca r r i ed  
out a t  a number of Government labora tor ies  (notably t h e  NASA Lewis  Research Center, 
t h e  J e t  Propulsion Laboratory, t he  Aerospace Corporation, and t h e  AEC O a k  R i d g e  
National Laboratory) and a t  a number of pr iva te  labora tor ies .  The l a r g e s t  
research e f f o r t  i n  a Government laboratory is  being conducted at t h e  NASA Lewis 
Research Center; t h i s  organization has concentrated on invest igat ions of t h e  
coaxial-flow reac to r  concept. The l a rges t  research e f f o r t  i n  p r iva t e  industry ' 
has been conducted a t  the  United Ai rc ra f t  Research Laboratories (UARL). 
present,  t h e  purpose of t he  major port ion of the research a t  UARL is t o  inves t i -  
gate  t h e  f e a s i b i l i t y  of t h e  nuclear l i g h t  bulb engine concept (Fig.  la) .  This 
concept i s  based on the  t r a n s f e r  of energy by thermal r ad ia t ion  from gaseous 
nuclear f u e l  contained i n  a vortex t o  seeded hydrogen propel lant  passing ex terna l  
t o  an i n t e r n a l l y  cooled t ransparent  w a l l  located between t h e  fuel-containment and 
propel lant  regions.  A t ransparent  buf fer  gas, such as neon, i s  in jec ted  tangent 
t o  the  inner surface of t h e  transparent per ipheral  w a l l .  
of t he  bu f fe r  gas a r e  t o  dr ive t h e  vortex and t o  prevent nuclear f u e l  and 
f i s s i o n  products from coming i n t o  contact with t h e  t ransparent  w a l l .  
t h e  t ransparent  w a l l  provides a physical  ba r r i e r  between t h e  f u e l  and propel lant ,  
t h e  nuclear l i g h t  bulb of fe rs  t h e  p o s s i b i l i t y  o f  per fec t  containment of f u e l  and 
f i s s i o n  products. The work on t h i s  concept at t h e  Research Laboratories has 
been conducted under NASA contracts  monitored by t h e  Space Nuclear Propulsion 
Office (Contracts NASw-847 and NASW-768) and under Corporate sponsorship. 

A t  

The primary funct ions 

Because 

F lu id  mechanics experiments have indicated that a radial- inf low vortex 
appears espec ia l ly  promising f o r  appl ica t ion  t o  t h e  nuclear l i g h t  bulb engine. 
The p a r t i c u l a r  radial- inf low flow pa t t e rn  of interest f o r  t h i s  appl ica t ion  is  
character ized by a laminar r a d i a l  s tagnat ion surface across which the re  is  no 
convection (Fig.  l b ) .  A t  t h i s  radius ,  a l l  of the r a d i a l  flow passes inward 
through t h e  end-wall boundary layers .  The radial  s tagnat ion surface can be 
located as far from t h e  center l ine  as 80 t o  90 percent of t h e  radius of t h e  
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vortex tube. 
stagnation surface) ,  r ec i r cu la t ion  c e l l s  occur. 
of t h e  r ad ia l  s tagnat ion surface)  t he  flow has a subs t an t i a l  a x i a l  component of 
ve loc i ty .  In  t h e  nuclear l i g h t  bulb engine, t h e  gaseous nuclear f u e l  would be 
contained i n  the  cen t r a l  region, and any f u e l  o r  f i s s i o n  products t h a t  diffused 
r a d i a l l y  outward across the  r a d i a l  s tagnat ion surface would be car r ied  a x i a l l y  
toward the end walls, down t h e  end w a l l  boundary layers ,  and out through a thru-  
flow port  ( see  Fig. l a )  i n t o  a f u e l  recycle  system. 

I n  the  cen t r a l  region of t h e  vortex tube ( in s ide  of t he  r a d i a l  
Near the  per iphera l  w a l l  (ou ts ide  

Many of t he  cha rac t e r i s t i c s  of radial- inf low vortexes have been invest igated 
i n  preceding s tudies  a t  UAR.L (Refs. 1 through 14) and elsewhere (Refs. 15 through 
19). 
invest igated was conducted concurrently with the  containment inves t iga t ion  
reported herein (see Ref. 20). 
of t h e  use of axial  bypass (flow removal through annul i  a t  the  outer  edges of 
t h e  end walls) and per ipheral  bypass (flow removal through por t s  i n  the  
per ipheral  w a l l )  as a means f o r  cont ro l l ing  the  loca t ion  of t he  r a d i a l  s tagnat ion 
surface.  It was found t h a t ,  even with no bypass, t he  radius of t h e  r a d i a l  
stagnation surface could be subs t an t i a l ly  increased by using very small 
peripheral-wall  i n j ec t ion  areas  f o r  the  simulated-buffer gas. It was a l s o  found 
t h a t  t h e  trends observed i n  t h e  experiments could be predicted using the  throry  
of R e f .  1; t h a t  i s ,  t h e  e f fec ts  of changes i n  peripheral-wall  i n j ec t ion  area,  
r a d i a l  and t angen t i a l  Reynolds number, and amount of bypass on the  r a d i a l  loca t ion  
of the  r ad ia l  stagnation surface were i n  agreement w i t h  t he  t rends  predicted 
using t h e  theory.  

A program i n  which flow pa t te rns  i n  radial- inf low water vortexes were 

The water-vortex program included inves t iga t ion  

The primary objectives of t h e  gas-vortex t e s t  program reported herein were 
t o  determine t h e  e f f ec t s  of changes i n  t h e  geometry of t he  vortex tube and 
various flow conditions on the  amount of simulated f u e l  contained i n  t h e  vortex 
and i t s  r ad ia l  d i s t r ibu t ion .  In  pa r t i cu la r ,  it was desired t o  determine the  
e f f ec t s  on cohtainment of changes i n  t h e  following: (1) t h e  geometry of t he  
simulated-fuel-injection configuration, ( 2 )  t h e  number of thru-flow por t s ,  
(3 )  t h e  r a d i a l  Reynolds number and amount of bypass flow, and (4)  t h e  molecular 
weight of t h e  simulated fue l .  

4 



TEST EQUrPMENT 

Most of t h e  t es t  equipment employed i n  the present  inves t iga t ion  was used i n  
preceding work under Contract NASw-847 and was described i n  detai l  i n  Ref. 21. 
The e s s e n t i a l  fea tures  of t h i s  equipment and de ta i l s  of new t e s t  equipment which 
was constructed are presented i n  t h i s  sect ion.  

High Reynolds Number Test F a c i l i t y  

The high Reynolds number t es t  f a c i l i t y  which was employed i n  the  tests of 
Ref. 21  was modified f o r  use i n  t h i s  invest igat ion.  A schematic diagram of t h e  
f a c i l i t y  is shown i n  Fig.  2. As shown i n  the  schematic diagram, the re  are t h r e e  
p r inc ipa l  flow systems: t h e  simulated-fuel supply system, t h e  simulated-buffer- 
gas supply system, and the  t es t  sec t ion  and exhaust system. 

The simulated-fuel supply system provides a metered quant i ty  of simulated 
f u e l  t o  t h e  t es t  sec t ion  a t  t h e  pressure,  temperature, and weight-flow r a t e  
required f o r  a p a r t i c u l a r  flow condition. 
simulated f u e l  consisted of a m i x t u r e  of gaseous iodine and any one of four  
c a r r i e r  gases: 
(% “N 29), s u l f u r  hexafluoride (mF % 146), and a heavy fluorocarbon vapor, FC-77 
(a 3M Company product; mF FZ 400). 
simulated f u e l  was heated t o  approximately 320 F and t h e  pressure i n  t he  vortex 
tube was maintained a t  0.9 t o  1.0 a t m .  
nitrogen, o r  s u l f u r  hexafluoride was used, these gases were heated i n  t h e  
c a r r i e r  gas preheater  shown i n  Fig.  2. 
used, FC-n  vapor was produced from l iqu id  FC-77 i n  the  spec ia l ly  constructed 
fluorocarbon b o i l e r  included i n  t h e  diagram (Fig. 2 ) .  
produced i n  a s imi l a r  manner. Valves i n  t h e  simulated-fuel supply system provide 
cont ro l  of t he  f r a c t i o n  of iodine i n  the  simulated-fuel mixture. Control of t h e  
amount of iodine i s  e s s e n t i a l  t o  obtaining maximum accuracy of t h e  l i g h t  
absorptometers which were used t o  determine the densi ty  of iodine i n  the  simulated 
fue l .  

For t h e  t e s t s  reported herein,  t h e  

helium (molecular weight 9 % 5 f o r  t h e  mixture), ni t rogen 

To prevent condensation of t he  gases, t h e  

When a mixture of iodine and helium, 

When a mixture of iodine and FC-77 was 

Gaseous iodine was 

The simulated-buffer-gas supply system provides a metered quant i ty  of a i r  
from an atmospheric i n l e t  t o  t he  t e s t  sec t ion  a t  t h e  pressure,  temperature, and 
weight-flow rate required f o r  a pa r t i cu la r  flow condition. A combination steam 
and e l e c t r i c  hea te r  i s  used t o  heat the  air t o  the  desired temperature of 
approximately 300 F. 

The t e s t  sec t ion  i n  which the  vortex tubes were mounted consis ts  of a 20-in.- 
I D  by 30-in.-long outer  cy l ind r i ca l  s h e l l  with end f langes.  (Detai ls  of t h e  
vortex tubes employed i n  t h i s  invest igat ion w i l l  be described i n  a following 
sec t ion . )  The simulated-buffer gas flows through the  outer  cy l ind r i ca l  s h e l l  and 
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d i r e c t l y  i n t o  t h e  in j ec t ion  plenum, an annular space between t h e  vortex tube and 
t h e  outer  cy l ind r i ca l  s h e l l  (Fig.  2 ) .  The exhaust system cons is t s  of valves and 
associated piping necessary t o  connect t h e  t es t  sec t ion  t o  vacuum pumps. 

Axial Absorptometer 

An a x i a l  l i g h t  beam absorption technique was used t o  determine t h e  amount of 
simulated f u e l  contained and the  r a d i a l  d i s t r ibu t ion  of simulated-fuel densi ty  
and p a r t i a l  pressure within t h e  vortex tube.  
t he  axial absorptometer showing the  o p t i c a l  system. It consis ts  of a 100-watt 
zirconium a r c  lamp l i g h t  source located at t h e  foca l  plane of two 6-in.-dia f/8 
parabolic mirrors (only one is  v i s i b l e  i n  t h e  top  view of Fig.  3), a beam 
s e l e c t o r  and scanner, plane mirrors mounted on each of t h e  vortex-tube end walls, 
a 15-in.-dia f / l .5  focusin 

t h e  a r c  lamp r e f l e c t s  from t h e  parabol ic  mirrors t o  form two 6-in.-dia p a r a l l e l  
l i g h t  beams. The l i g h t  beams s t r i k e  the  beam s e l e c t o r  which is  a f l a t  p l a t e  on 
the  scanner that has two s m a l l  (approximately 3/16-in.-dia) holes d r i l l e d  5 1/2 
i n .  apar t .  Light passing through t h i s  p l a t e  is i n  two narrow collimated l i g h t  
beams. The diameter of each l i g h t  beam can be adjusted by an iris on t h e  p l a t e ,  
and a s l id ing  s h u t t e r  is  used t o  a l t e r n a t e l y  block t h e  l i g h t  of each beam. 
narrow l igh t  beams pass a x i a l l y  through g lass  windows i n  the  end w a l l s  of t h e  
vortex t o  the  focusing lens  and t h e  photomultiplier tube.  

Figure 3 is  a schematic diagram of 

lens ,  an in te r fe rence  f i l t e r  (40 8 half-width with 
peak transmission a t  5250 fi ), and an RCA 6655A photomultiplier tube.  Light from 

The 

Using t h i s  absorptometer, t h e  amount of l i g h t  absorbed by t h e  iodine a t  a 
The amount of l i g h t  absorbed i s  given radius of t he  vortex tube was measured. 

proportional t o  the  axially-averaged iodine densi ty  and, hence, provides a 
measurement of t he  simulated-fuel densi ty .  The l i g h t  beam was continuously 
t raversed along t h e  v e r t i c a l  diameter of t he  vortex tube t o  determine t h e  r a d i a l  
d i s t r ibu t ion  of simulated f u e l .  The amount of simulated f u e l  s tored  i n  t h e  
vortex was determined from t h e  r a d i a l  d i s t r i b u t i o n  of simulated-fuel densi ty .  
Further  de t a i l s  of t h e  absorptometer and a discussion of t h e  p r inc ip l e  of 
operation are presented i n  Ref. 21. 

Vortex Tubes 

Two vortex tubes were employed i n  t h i s  inves t iga t ion .  These tubes were 
designated by t h e i r  respect ive simulated-buffer-gas-injection geometries, viz. ,  
t h e  directed-wall-jet  vortex tube and t h e  multiple-fixed-port  vortex tube.  The 
directed-wall - je t  vortex tube was employed f o r  a l l  except one s e r i e s  of t e s t s  
reported herein, and has been used i n  preceding t e s t s  reported i n  Ref. 21. 

A photograph of t he  directed-wall - je t  vortex tube p a r t i a l l y  i n s t a l l e d  i n  t h e  
This t e s t  sect ion of t he  high Reynolds number t es t  f a c i l i t y  i s  shown i n  Fig.  4a. 

vortex tube i s  a lO-in.-ID by 30-in.-long s t e e l  tube which has provis ion f o r  
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i n s t a l l a t i o n  of up t o  900 directed-wall-jet  i n se r t s  i n  t h e  per ipheral  w a l l .  
Figures 5a and 6a show d e t a i l s  of t h e  directed-wall - je t  geometries t h a t  were used. 
The i n s e r t s  were d i s t r ibu ted  i n  5 axial  rows spaced a t  72 deg in te rva ls  around 
the  periphery of t h e  vortex tube. 
j e t  i n s e r t s  were used; one had 30 i n s e r t s  i n  each row and t h e  second had 15  
i n s e r t s  i n  each row. A l l  i n se r t s  were oriented such t h a t  t h e  d i rec t ion  of 
simulated-buffer-gas in j ec t ion  was circumferential .  The in j ec t ion  area pe r  
i n s e r t  was 0.0225 sq in . ,  and hence the  t o t a l  simulated-buffer-gas in j ec t ion  
areas were A 

Two d i f fe ren t  d i s t r ibu t ions  of directed-wall-  

= 3.38 and 1.69 sq in .  
j 

The multiple-fixed-port  vortex tube was used only i n  t h e  series of t e s t s  i n  
which d i f f e ren t  simulated-fuel i n j ec t ion  geometries were invest igated.  A 
photograph of t h i s  vortex tube p a r t i a l l y  in s t a l l ed  on the  t es t  f a c i l i t y  i s  
presented i n  Fig.  4b. Details of t h e  simulated-buffer-gas-injection geometry are 
presented i n  Figs .  $D and 6b. The multiple-fixed-port vortex tube is  a l s o  a 
lO-in.-ID by 30-in.-long s t e e l  cylinder.  This vortex tube has 4284 0.062-in.-dia 
holes d r i l l e d  inward a t  an angle of 19 deg with respec t  t o  t h e  l o c a l  tangent (see 
Fig.  6b). Twenty-four holes located a t  each of l l g  a x i a l  s t a t ions  along t h e  
length  of t h e  vortex tube were used f o r  inject ion.  
covered by per iphera l  bypass plenums ( see  Figs .  4b and 5b) located a t  90-deg 
in t e rva l s  around t h e  periphery. The bypass plenums provide f o r  removal of a 
por t ion  of t h e  in jec ted  simulated-buffer gas through t h e  per ipheral  wall. 
t h e  simulated-buffer-gas in j ec t ion  a rea  f o r  t h i s  vortex tube was A 

An addi t iona l  12 rows were 

Thus, 
= 8.75 sq in .  

j 

The two vortex tubes were t e s t e d  with d i f fe ren t  simulated-buffer-gas 
in jec t ion  areas, bypass configurations,  thru-flow removal configurations, and 
simulated-fuel in jec t ion  configurations t o  form d i f f e r e n t  "vortex tube geometries." 
A swnmary of t h e  vortex tube geometries t e s t ed  is  presented ' in  Table I. 
t h e  t e s t s  were conducted i n  t h e  directed-wall-jet  vortex tube with end walls that  
allow thru-flow removal through 1.0-in.-dia ports  at t h e  centers of both end w a l l s  
and axial bypass flow removal through l/&in.-wide annul i  a t  t he  outer  edges of 
both end w a l l s  . 
consis ted of t e n  0.1-in.-ID by O.E5-in.-long tubes located i n  a 5-in.-dia r i n g  
on t h e  l e f t  end w a l l  ( s ee  Figs .  7a and 8a). 
in j ec t ion  i n  t h e  axial d i r ec t ion  only. 

Most of 

The s imulated-fuel- i n  j ec t ion  configuration which was employed 

These tubes provided simulated-fuel 

For t h e  tests t o  inves t iga te  d i f f e ren t  simulated-fuel i n j ec t ion  configurations,  
t h e  multiple-f  bed -por t  vortex tube, which has provis ion f o r  per ipheral  bypass 
( s e e  Fig.  p), was used. 
removal through a 1.0-in.-dia po r t  a t  i t s  center.  
i n j ec t ion  end w a l l s  ( t he  l e f t  end w a l l )  were used; these  are shown i n  Figs .  7 and 
8. 
vortex tube  geometry and was described previously. 
(Figs .  7 b  and 8b) provided in j ec t ion  with s w i r l  through t e n  directed-wall - je t  
i n se r t s  t h a t  i n j ec t ed  simulated f u e l  only i n  the circumferent ia l  d i rec t ion .  

Only the  r i g h t  end wall had provis ion f o r  thru-flow 
Two d i f f e ren t  simulated-fuel 

One configurat ion (Figs .  7a and 8a) was a lso used with the  directed-wall - je t  
The second configuration 

For 
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a t h i r d  simulated-fuel i n j ec t ion  configuration (Figs .  7c and 8c),  nothing was 
i n j ec t ed  a t  t h e  l e f t  end w a l l ,  but simulated f u e l  was in jec ted  i n  t h e  r a d i a l  
d i rec t ion  through twelve 0.10-in.-ID by O.?-in.-long tubes i n  an in j ec to r  r i n g  on 
t h e  per ipheral  w a l l  a t  t h e  a x i a l  mid-plane of t h e  vortex tube. 

a 



TEST AND DATA-REDUCTION PROCEDURES 

Test Procedures 

The flow condition f o r  a t y p i c a l  containment t es t  was spec i f ied  by a f ixed  
vortex tube geometry operating with f ixed Reynolds numbers and f ixed  weight-flow 
rates of t h e  simulated-buffer gas and simulated f u e l .  Vortex tube geometry was 
spec i f ied  by t h e  simulated-buffer-gas-injection configuration, t h e  configuration 
f o r  bypass and thru-flow removal, and the  simulated-fuel-injection configuration. 
For tests employing t h e  directed-wall- j e t  vortex tube, t h e  simulated-buffer-gas- 
i n j ec t ion  a rea  was a l s o  spec i f ied .  

For t e s t s  described herein,  t he  temperature of t h e  simulated-buffer gas at 
in j ec t ion  was approximately 300 F and t h e  t o t a l  pressure was between 0.9 and 1.0 
atmospheres. A i r  was used as the  simulated-buffer gas i n  a l l  the  tests; thus,  
p 
by changing t h e  simulated-buffer-gas weight-flow r a t e s .  

= 0.05 l b / f t 3  a n d p B  = 1.6 x 10-5 lb/ f t -sec.  The Reynolds numbers were var ied 
B 

The t angen t i a l  i n j ec t ion  Reynolds number is defined as 

where pB and ,u a r e  t h e  densi ty  and laminar v iscos i ty  of t h e  simulated-buffer gas 
a t  in jec t ion ,  rl is  t h e  radius of t h e  vortex tube, WB is  t h e  simulated-buffer-gas 
weight-flow r a t e ,  and V4 
This Reynolds number is  a measure of t h e  angular momentum of the  simulated-buffer 
gas a t  in j ec t ion  i n t o  t h e  vortex tube. I n  th i s  invest igat ion,  simulated-buffer- 
gas weight-flow rates were var ied  from approximately 0.013 t o  0.60 lb/sec,  and 
t angen t i a l  i n j ec t ion  Reynolds numbers were varied from approximately 30,000 t o  
approximately 3OO,OOO. 

B 

is  the  average simulated-buffer-gas-injection ve loc i ty .  
,j 

The flow r a t e  of t h e  mixture of simulated-buffer gas and simulated f u e l  
through t h e  thru-flow por t s  was expressed i n  terms of a r a d i a l  Reynolds number. 
This Reynolds number is  defined as 

- WB, TF 
- 2T‘ L B 

where WB 
buffer  g & T  through t h e  thru-flow por t s  and L i s  t h e  length of t h e  vortex tube. 
Radial  Reynolds numbers i n  t h i s  invest igat ion were var ied  from 0 t o  approximately 
220. 

i s  the  t o t a l  weight-flow rate (assumed t o  be e n t i r e l y  simulated- 
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The containment tests w e r e  conducted i n  t h e  following manner. For a given 
vortex tube geometry, both t h e  simulated-buffer-gas and simulated-fuel flow rates 
were set .  The l i g h t  beam of t h e  axial absorptometer was  t raversed  along t h e  
v e r t i c a l  diameter of t h e  vortex tube at least twice t o  ver i fy  that t h e  t o t a l  
amount of simulated f u e l  within t h e  vortex tube was constant (i.e.,  t h a t  a 
steady-state condition had been reached). 
of t h e  ax ia l  l i g h t  beam was approximately 20 seconds ( m a n y  times t h e  average 
residence time f o r  t he  simulated f u e l  within t h e  vortex tube) .  
existence of s teady-state  conditions had been ver i f ied ,  repeated t raverses  were 
made t o  measure t h e  r a d i a l  d i s t r ibu t ion  of simulated f u e l  i n  t h e  vortex tube.  
The flow rates were then reset f o r  t he  next f l a w  condition and t h e  process was 
repeated. 

The time required f o r  a s ing le  t r ave r se  

Af te r  t h e  

Data-Reduction Procedures 

One measure of t h e  containment cha rac t e r i s t i c s  of a confined vortex flow is 
the  average s imulated-f ue l  dens i t y ,  p 

This average density is  given by 

( i .e., a volume averaged s imulated-f u e l  
densi ty  based on the  amount of simula F ed f u e l  contained within the  vortex tube) .  

whereNF i s  the  amount of simulated f u e l  contained i n  t h e  vortex tube and V is  
t h e  t o t a l  volume of t h e  vortex tube. The amount of simulated f u e l  contained was 
determined by averaging data obtained from r a d i a l  t r ave r ses  both above and below 
t h e  center l ine of t h e  vortex tube.  For most tes ts  reported herein,  t h e  average 
value of simulated f u e l  s tored  d i f f e red  from t h e  value determined from individual  
upper and lower t raverses  by l e s s  than -115 percent.  
t h e  technique employed t o  determine the  amount of simulated f u e l  contained within 
a vortex tube by t h i s  method and sample calculat ions a r e  presented i n  Appendix I11 
of Ref. 21. 

A de t a i l ed  descr ip t ion  of 

A second containment parameter, r e l a t ed  t o  t h e  previously discussed average 
This simulated-fuel density,  i s  t he  average p a r t i a l  pressure of simulated f u e l .  

parameter was obtained d i r e c t l y  from the  average simulated-fuel densi ty  by 
employing the  ideal gas equation of state. The molecular weight % of t h e  
simulated-fuel mixture was determined from t h e  following equation f o r  i d e a l  gas 
mixtures : 

1 m F = w, (4) 
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Then, t h e  average p a r t i a l  pressure of t he  simulated f u e l  i s  given by 

A t h i r d  containment parameter, c losely re la ted  t o  the  average simulated-fuel 
p a r t i a l  pressure,  i s  t h e  r a t i o  of PF t o  t he  t o t a l  pressure,  Pl, i n  t he  vortex tube. 
This r a t i o  is important because it is d i r ec t ly  r e l a t e d  t o  t h e  pressure a t  which a 
nuclear l i g h t  bulb engine must operate ( i .e.? f o r  a given f u e l  dens i ty  required 
f o r  t h e  c r i t i c a l  mass, t h e  t o t a l  pressure necessary i n  t h e  engine i s  determined 
by t h e  r a t i o  of t h e  average f u e l  p a r t i a l  pressure t o  t h e  t o t a l  pressure i n  t h e  
vortex tube) .  
t h e  vortex tube was small compared with the  absolute t o t a l  pressure i n  t h e  vortex 
tube and hence, a s ing le  value of t o t a l  pressure was used i n  determining t h e  r a t i o  
of t he  average simulated-fuel p a r t i a l  pressure t o  the  t o t a l  pressure a t  a l l  r a d i i .  

It was assumed that the  r a d i a l  va r i a t ion  of t o t a l  pressure within 

Some tes t  r e s u l t s  are discussed i n  terms of t h e  secondary flow parameter, &. 
This parameter was o r ig ina l ly  developed from theore t i ca l  considerations i n  Ref.  1 
and was invest igated i n  some d e t a i l  i n  the  water-vortex inves t iga t ion  reported i n  
Ref. 20. It has been found usefu l  as an indicat ion of t he  flow pa t te rns  which 
a r e  l i k e l y  t o  e x i s t  i n  vortex tubes f o r  given Reynolds numbers and length-to- 
diameter r a t i o s .  From R e f .  1 , the expression f o r  pt i s  given by 

0.8 R e  p - 2 3  
t - L Re, 

where Ret 
vor tex flow. 
the  simulated-buffer gas by 

is  an empir ical ly  determined tangent ia l  Reynolds number f o r  t h e  
JP It is r e l a t e d  t o  the  t angen t i a l  i n j ec t ion  Reynolds number, Ret .,of 

, J  

where V 
determi%& by ex t rapola t ing  ve loc i ty  d is t r ibu t ion  measurements t o  t h e  w a l l  (see 
discuss ion i n  Ref. 20) . The average s imulated-buf f er-gas - in  j e c t  ion ve loc i ty  V+ 
is  determined from 

is  t h e  average t angen t i a l  ve loc i ty  a t  t h e  vortex tube per iphera l  w a l l  

,j 

Values of t he  secondary flow parameter have been determined f o r  most tests 
reported here in  and are shown on t h e  f igures  where t h e  data are presented. These 
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values o f B t  were determined i n  t h e  following manner. 
a var ia t ion  of ve loc i ty  r a t i o  V 
a range of tangent ia l  i n j ec t ion  keynoi s number and vortex tube geometries s imi l a r  
t o  those for the  gas-vortex t e s t s  reported herein.  From t h i s  f igure ,  ve loc i ty  
r a t i o s  were determined f o r  each of t h e  vortex tube geometries employed i n  t h i s  
study. 
Eq. (6)  (Re, and Ret . were known from t h e  t e s t  conditions and Ret was 
determined from Eq. ( f " ) ) .  The tes t  conditions i n  Ref. 20 were s ign i f i can t ly  
d i f f e r e n t  from those employed i n  t h i s  inves t iga t ion  ( i n  R e f .  20, a water vortex 
was used and the  data  were obtained using a configuration which did not have 
in j ec t ion  of simulated f u e l ) .  
indicat ion of the  flow pa t te rns  which ex is ted  during tests conducted i n  t h i s  
invest igat ion.  The approximate loca t ion  of t he  r a d i a l  s tagnat ion surface as a 
funct ion of t he  secondary flow parameter i s  presented i n  Fig.  17 of R e f .  20 f o r  
severa l  peripheral-wall i n j ec t ion  areas  . This f igu re  was  used where appropriate  
as an a i d  i n  in te rpre t ing  the  measured simulated-fuel densi ty  d i s t r ibu t ions  i n  
t h e  present study. A r a d i a l  s tagnat ion surface occurs when the  weight-flow rate 
i n  t h e  end-wall boundary l aye r  is  equal t o  t h e  weight-flow r a t e  of t he  thru-flow. 
It i s  implied t h a t  a t  t h i s  radius  t h e  net  r a d i a l  ve loc i ty  i n  the  primary flow i s  
zero, and t h a t  r a d i a l  convection of simulated f u e l  does not occw across the  
s tagnat ion surface . 

Figure 9 i n  R e f .  20 gives 
with peripheral-wall  i n j ec t ion  a rea  f o r  4 PIV+ 

Having determined t h e  ve loc i ty  r a t i o ,  t he  value o f P t  was calculated using 

,P 

However, it is believed t h a t  Pt provides an 



DISCUSSION OF RFSULTS 

The r e s u l t s  a r e  presented i n  f i v e  sections.  I n  the  f i r s t  two sec t ions  (Figs .  
9 through E?), the  r e s u l t s  of preliminary t e s t s  t h a t  r e su l t ed  i n  se l ec t ion  of a 
simulated-fuel-injection configuration and a thru-flow configuration f o r  following 
tes ts  are presented. In  t h e  last  three  sections (Figs .  13 through 2 3 ) ,  r e s u l t s  
a r e  presented which ind ica te  t h e  e f f e c t  on containment of changes i n  t h e  r a d i a l  
Reynolds number, t angen t i a l  i n j ec t ion  Reynolds number a t  a constant r a d i a l  
Reynolds number, and the  molecular weight of the simulated fue l .  

Tests with Different  Simulated-Fuel-Injection Configurations 

These tests were conducted using t h e  multiple-fixed-port vortex tube with 
per iphera l  bypass and thru-flow withdrawal a t  the  r i g h t  end w a l l  only ( see  Table I 
and Figs .  4b, 5b, and 6b). Three simulated-fuel-injection configurations were 
tes ted :  
end w a l l  wi th  s w i r l ,  and in j ec t ion  from t he  per ipheral  w a l l  a t  t h e  axial mid-plane 
( see  Figs.  7a, b, and e, respec t ive ly) .  A fluorocarbon/iodine m i x t u r e  was used as 
simulated fue l ;  t he  molecular weight of t h e  mixture was  approximately 400. 

i n j ec t ion  from t h e  l e f t  end w a l l  without s w i r l ,  i n j ec t ion  from t h e  lef% 

The r e s u l t s  shown i n  Fig.  9 ind ica te  that end-wall i n j ec t ion  without s w i r l  

For a given r a d i a l  Reynolds nmber  (Rer), higher values 
was s l i g h t l y  b e t t e r  than end-wall i n j ec t ion  with s w i r l  (compare the  open and 
s o l i d  c i r c l e  symbols). 
of average s imulated-fuel densi ty  (pF) and average simulated-fuel p a r t i a l  
pressure (pF) were obtained without s w i r l  in ject ion than with s w i r l  in jec t ion .  
The shapes of t h e  three curves f o r  t he  two d i f fe ren t  end-wall i n j ec t ion  configu- 
r a t ions  a r e  similar. Increases i n  r a d i a l  Reynolds number r e s u l t  i n  decreased 
containment. The shape of t he  curve f o r  in jec t ion  of simulated f u e l  a t  the  
per iphera l  w a l l  i s  d i f f e ren t  from the  curves f o r  t h e  end-wall i n j ec t ion  configu- 
r a t ions .  I n i t i a l  increases i n  r a d i a l  Reynolds number r e su l t ed  i n  increased 
amounts of simulated f u e l  contained up t o  Re, = 100; f u r t h e r  increases i n  Re, 
r e su l t ed  i n  decreased containment. This var ia t ion  with r a d i a l  Reynolds number 
of t h e  amount of simulated f u e l  contained also provides an indicat ion of t h e  
primary simulated-fuel l o s s  mechanism. 
simulated f u e l  s tays  out near t he  per iphera l  w a l l  and is  l o s t  through t h e  
per iphera l  bypass por t s .  
inward away from t h e  per iphera l  w a l l ,  and therefore  losses  through t h e  per iphera l  
bypass por t s  decrease. 
simulated f u e l  is  drawn i n t o  the  core on the  center l ine  of t he  vortex and i s  
then l o s t  through t h e  thru-flow port .  

A t  l o w  Re,, a l a rge  f r ac t ion  of t he  

As Re, increases,  more simulated f u e l  moves r a d i a l l y  

As Re, i s  increased above 100, an increasing amount of 

Typical r a d i a l  d i s t r ibu t ions  of simulated-fuel densi ty  and p a r t i a l  pressure 
Data were not obtained a t  radius  from t h e  t e s t s  of Fig.  9 a r e  shown i n  Fig.  10. 

r a t i o s  less than  r/rl = 0.10 due t o  blockage of t h e  axial l i g h t  beam by the  



thru-flow por t  and ducting. 
of about 100 which corresponds t o  the  optimum value f o r  t h e  configuration with 
simulated-fuel i n j ec t ion  a t  t h e  per iphera l  w a l l  ( see  Fig.  9 ) .  These d i s t r ibu t ions  
v e r i f y  tha t  the  manner i n  which t h e  simulated f u e l  d i s t r ibu te s  i tself  i n  the  vortex 
depends strongly upon t h e  s imulated-fuel-in j e c t  ion configuration. 

The da ta  presented a r e  f o r  a r a d i a l  Reynolds number 

In  Fig. 10, t h e  d i s t r ibu t ion  f o r  end-wall i n j ec t ion  without s w i r l  (open 
c i r c l e s )  indicates  more simulated f u e l  near t he  center  of t he  vortex tube than 
does t h e  d i s t r ibu t ion  f o r  end-wall i n j ec t ion  with s w i r l  ( s o l i d  c i r c l e s ) .  Thus, 
i n j ec t ion  of t he  simulated f u e l  i n  the  axial d i rec t ion  as i n  the  no-swirl configu- 
r a t i o n  appears t o  be necessary t o  cause a high concentration of simulated f u e l  i n  
the  cent ra l  region of t h e  vortex tube. For some cases, i n j ec t ion  of t h e  simulated 
f u e l  with s w i r l  r e su l t ed  i n  per iodic  pressure f luc tua t ions  i n  t h e  thru-flow ducts.  
It is believed that these  pressure f luc tua t ions  were due t o  a flow i n s t a b i l i t y  
similar t o  t h a t  described i n  Ref. 9. In  t h e  tes ts  of Ref. 9 it was observed t h a t  
under some conditions t h e  annulus of simulated f u e l  began t o  r o t a t e  eccent r ica l ly  
about t he  center l ine  of the  vortex tube. 
with increasing simulated-fuel weight-flaw rate u n t i l  t h e  annulus de te r iora ted  
and t h e  amount of simulated f u e l  contained decreased sharply.  Reasons for t h e  
occurrence of t h i s  i n s t a b i l i t y  are not completely understood. I n  t h e  present  
program, pressure f luc tua t ions  were only observed f o r  simulated-fuel i n j ec t ion  
from t h e  end w a l l  wi th  s w i r l .  I n  t he  tests of Ref. 9 t h e  i n s t a b i l i t y  and pressure 
f luctuat ions occurred when the  simulated f u e l  was in jec ted  through a s ing le  tube 
passing through the  per iphera l  w a l l  a t  t h e  axial mid-plane. 

The amplitude of t h i s  motion increased 

On the basis of these  r e s u l t s ,  it was decided t o  employ simulated-fuel 
i n j ec t ion  from t h e  l e f t  end wa l l  without s w i r l  i n  a l l  following t e s t s .  

Tests with Dif fe ren t  Thru-Flow Configurations 

This s e r i e s  of tests was conducted using t h e  directed-wall - je t  vortex tube 

During these  t e s t s ,  t h r u  
wi th  a x i a l  bypass and with simulated-fuel i n j ec t ion  from t h e  l e f t  end w a l l  without 
swirl (see Table I and Figs. ha, 5a, 6a, "a, and 8a). 
f l a w  was withdrawn a t  the  l e f t  end w a l l  only, a t  t he  r i g h t  end wall only, and at  
both end walls simultaneously. The t o t a l  simulated-buffer gas in j ec t ion  a rea  was 
A .  = 3.38 sq in .  and the  r a d i a l  Reynolds number was about 100. 
hexafluoride/iodine mixture (molecular weight of about 146) was used as t h e  
simulated fue l .  

A sulfur- 
J 

The resu l t s  are shown i n  Figs .  11 and 12. The da ta  ind ica te  that changes i n  
t h e  number of thru-flow por t s  employed had very l i t t l e  e f f e c t  on t h e  average 
simulated-fuel dens i t ies  and p a r t i a l  pressures t h a t  were obtained (Fig.  11). 
Moreover, the  t y p i c a l  radial densi ty  d i s t r ibu t ions  i n  Fig.  12 ind ica te  that t h e  
number of thru-flow por t s  employed does not have a s i g n i f i c a n t  e f f e c t  on the  
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r a d i a l  d i s t r i b u t i o n  of simulated f u e l  e i the r .  On t h e  bas i s  of t hese  r e su l t s ,  it 
was concluded that the number of thru-flow ports  employed was not s ign i f i can t  and, 
hence, a l l  following tests were conducted with thru-flow removal a t  both end w a l l s .  

Tests with Different  Radial Reynolds Numbers 

I n  these  t e s t s  and a l l  following t e s t s ,  the directed-wall - je t  vortex tube was 
used ( see  Table I and Figs .  ha, 5a, 6a, 7a, and 8a). 
sulfur-hexaf luoride/iodine mixture having a molecular weight about 146. 

The simulated f u e l  was a 

The e f f ec t s  of changes i n  r a d i a l  Reynolds number on containment a r e  shown i n  
Fig. 13. 
s ince  W was held constant f o r  these t e s t s )  were obtained f o r  a l l  r a d i a l  Reynolds B 
numbers. 
Reynolds number of approximately 106 yielded the highest  values of average 
simulated-fuel densi ty .  
increases i n  Re, up t o  Re, zz 106, then decreasing PF with fu r the r  increases i n  Re,. 
Trends similar t o  t h i s  were observed previously for configurations having per iphera l  
bypass, instead of a x i a l  bypass, and simulated-fuel i n j ec t ion  fromathe per ipheral  
w a l l ,  ins tead of from t h e  end w a l l  without s w i r l  ( s ee  t h e  curve with t h e  square 
symbols i n  Fig.  9; s ee  a l s o  Ref. 9 and Appendix I of Ref. 21).  
been observed f o r  configurations having per ipheral  bypass and s imulated-f ue l  
i n j ec t ion  from the  end walls with and without swi r l  (see t h e  other  th ree  curves i n  
Fig.  9 ) .  Thus, it does not appear possible t o  iden t i fy  t h e  f ac to r s  leading t o  the  
t rend  shown i n  Fig.  13 from the  da t a  taken t o  date.  

Increases i n  PF with increases i n  WF ( i .e . ,  with decreases i n  WB/WF, 

The r e s u l t s  ind ica te  t h a t ,  a t  a l l  values of WB/WF, t h e  t e s t s  a t  a r a d i a l  

Thus, t he re  is a trend of increasing pF with i n i t i a l  

No such t rends have 

I Four d i s t r ibu t ions  of simulated-fuel density within the  vortex tube are shown 
i n  Fig.  14. 
f o r  which WB/WF was approximately 31. 
t he  amount of simulated f u e l  near t h e  per ipheral  w a l l  was decreased due t o  t h e  
increased r a d i a l  inflow, and t h e  amount i n  the  c e n t r a l  region waa increased. 

The d i s t r ibu t ions  presented correspond t o  those da ta  points  i n  Fig.  13 
As t h e  r a d i a l  Reynolds number was increased, 

1 Corresponding values of t he  secondary flow parameter f o r  these  flow conditions 
~ 

are shown i n  t h e  t a b l e  i n  Fig.  14. 
DATA-REDUCTION PROCEDURFS," it is possible  t o  estimate t h e  radius  of t he  r a d i a l  
s tagnat ion surface from estimates of pt. 
radius  r a t i o  would vary from rs/rl = 0.5 a t  Re, = 209 (pt = 28) t o  rs/rl = 0.7 a t  
Re The d is t r ibu t ions  i n  Fig. 14 f o r  Re, = 209 and 106 indica te  
t h i t  t h e  dens i ty  of t h e  simulated f u e l  decreased rap id ly  with increasing radius 
approximately up t o  radius  r a t i o s  equal t o  those estimated f o r  t he  locat ion of t he  
r a d i a l  s tagnat ion surface.  
Re, = 54 (pt = 109) and Re, = 0 (pt = a) a r e  r e l a t i v e l y  f lat ,  indicat ing the  
possible  absence of a well-defined r a d i a l  stagnation surface.  
high values of p 
In  R e f .  20, f o r  a vortex tube configuration with a x i a l  bypass, laminar r a d i a l  

As discussed i n  t h e  sec t ion  e n t i t l e d  "TEST AND 

These estimates indica te  that t h i s  

= 106 (/$ = 55).  

Also note i n  Fig. 14 t h a t  t he  d i s t r ibu t ions  f o r  

These r e s u l t s  a t  
are a l s o  i n  qua l i t a t ive  agreement with t h e  r e s u l t s  of Ref. 20. t 



stagnation surfaces were not observed f o r  values of Pt grea te r  than about 65. 
0, was increased above t h i s  value, t h e  s tagnat ion surfaces de te r iora ted  and were 
no longer d i s  cernable . 

As 

Tests with Different  Tangential In jec t ion  Reynolds Numbers 

In  the preceding t e s t s ,  t h e  r a d i a l  Reynolds number was changed while t h e  
simulated-buffer-gas weight flow r a t e  (and therefore  the  tangent ia l  i n j ec t ion  
Reynolds number) was held approximately constant.  
of t h e  preceding t e s t s ,  a few t e s t s  were conducted i n  which no bypass flow w a s  
removed, but t he  tangent ia l  in jec t ion  Reynolds number was var ied.  
wall-jet vortex tube with a simulated-buffer-gas in j ec t ion  a rea  of A 
was used. 
weight of approximately 29. 

For comparison with t h e  r e s u l t s  

The directed-  
= 1.69 sq in .  

j 
The simulated f u e l  was a nitrogen/iodine. mixture having a molecular 

Containment data  f o r  t h ree  simulated-buffer-gas weight-flow r a t e s  which 
provided three tangent ia l  i n j ec t ion  Reynolds numbers and r a d i a l  Reynolds numbers 
a r e  presented i n  Fig.  1.5. Since no bypass flow was used, t he  t angen t i a l  
i n j ec t ion  Reynolds number and r a d i a l  Reynolds number could not be independently 
changed. To obtain t h e  data  f o r  Fig.  1.5, Re, was var ied from 56 t o  214; pt w a s  
very low and only varied from 14.9 t o  11.2 (it can be shown t h a t  f o r  a f ixed  
vortex tube geometry, pt - Rer-0.2). 
s ign i f icant  e f f e c t  of Re+ . on containment, pr imari ly  because t h e  values of p t  a r e  
so  low. It i s  shown i n  R6gs.l and 20 t h a t  these  low values of Pt correspond t o  
vortex flow pa t te rns  f o r  which no r a d i a l  s tagnat ion surface would occur; instead, 
a s t rong r a d i a l  inflow i s  produced i n  t h e  vortex tube.  
higher values o f P t  and no thru-flow could not be performed with t h e  ex i s t ing  
vortex t e s t  equipment because t h e  in j ec t ion  a rea  was too  la rge .  

The data  i n  Fig.  1-5 do not show any 

Corresponding tes ts  a t  

Radial d i s t r ibu t ions  of simulated-fuel densi ty  f o r  t h e  th ree  simulated- 
buffer-gas weight flow r a t e s  of Fig.  15 a r e  shown i n  Fig.  16. These d i s t r ibu t ions  
a r e  a l l  a t  t h e  same simulated-fuel weight flow r a t e .  
approximately constant f o r  these  th ree  d i s t r ibu t ions  and, according t o  theory,  t h e  
flow pat terns  within the  vortex tube with no secondary in j ec t ion  should be s imi la r .  
However, Fig. 16 indicates  t h a t  subs t an t i a l  differences ex is ted  i n  t h e  densi ty  
d i s t r ibu t ions .  
lb / sec) ,  the simulated-fuel densi ty  near t he  per iphera l  w a l l  w a s  r e l a t i v e l y  high. 
A s  WB increased, t he  densi ty  of t h e  simulated f u e l  near t h e  w a l l  decreased. This 
implies t h a t  d i f fe ren t  flow pa t te rns  were produced as WB was increased. However, 
s ince  t h e  changes i n  WB cause such small changes i n p t ,  they  alone would not be 
expected t o  cause changes i n  t h e  flow pa t te rns .  It i s  apparent t h a t  an in t e rac t ion  
with t h e  simulated f u e l  t h a t  is  in jec ted  i n t o  t h e  vortex must cause t h e  changes. 
This is evidence t h a t  even though Pt appears t o  pred ic t  some t rends observed i n  
t h e  data ,  account must a l s o  be taken of t h e  disturbance due t o  t h e  simulated- 
f u e l  inject ion.  

The value of pt is 

A t  t he  lowest simulated-buffer-gas weight-flow r a t e  (WB = 0.0132 
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It is important t o  note t h a t  t h e  presence of simulated f u e l  near t h e  per iphera l  
wall i n  these  t e s t s  does not mean t h a t  a sa t i s fac tory  no-bypass configuration cannot 
be obtained. It was shown i n  Refs. 1 and 20 t h a t  values of ,Bt g rea t e r  than 20 or 
25 are required t o  e s t ab l i sh  a flow pa t t e rn  having a r a d i a l  s tagnat ion  surface.  
Therefore, by decreasing t h e  peripheral-wall  in jec t ion  area t o  values less than 
those used i n  the  present program, pt could be increased and radial s tagnat ion 
surfaces  should be establ ished with no bypass. This should r e s u l t  i n  reductions 
i n  t h e  amount of simulated f u e l  near t h e  per ipheral  w a l l .  However, s ince  it has 
been found t h a t  these  two-component flows a r e  influenced by WB/WF, it is  d i f f i c u l t  
t o  estimate j u s t  how much t h e  in j ec t ion  area should be decreased. 

Radial  d i s t r ibu t ions  of simulated-fuel density a r e  shown i n  Fig.  17 f o r  two 
t e s t  conditions f o r  which t h e  r a d i a l  Reynolds number and t h e  simulated-fuel weight- 
flow rate were not changed, while t he  tangent ia l  i n j ec t ion  Reynolds number was 
changed from 59,100 t o  268,000 and the  corresponding amount of a x i a l  bypass was 
changed from 0 percent t o  79 percent. 
12.8 f o r  t h e  configuration without bypass and 43.1 f o r  t h e  configuration with 
bypass. These d i s t r ibu t ions  show t h a t  t he  simulated-fuel dens i ty  near t h e  
per iphera l  w a l l  was lower with a pt of 43.1 than with a & of 12.8. 
previously discussed, it is expected t h a t  decreases i n  t h e  simulated-buffer-gas 
in j ec t ion  area i n  t h e  no-bypass configuration would r e s u l t  i n  a d i s t r i b u t i o n  of 
simulated f u e l  which would be more l i k e  that shown i n  Fig.  17 f o r  t he  higher value 

The values of Pt  f o r  these  two t e s t s  were 

However, as 

of P,. 

Tests t o  Determine Effec ts  of Changes i n  Molecular Weight of Simulated Fuel  

To determine t h e  e f f ec t s  of changes i n  the molecular weight of t h e  simulated 
f u e l  on containment and, i n  pa r t i cu la r ,  on the r a d i a l  d i s t r i b u t i o n  of simulated- 
f u e l  density,  tests were conducted using t h e  following simulated fue ls :  
iodine mixture, % z 5; ( 2 )  nitrogen/iodine mixture, % W 29, and (3) su l fu r -  
hexafluoride/iodine mixture, mF M 146. The directed-wall- j e t  vortex tube was used 
with two simulated-buffer-gas in j ec t ion  areas ( A j  = 1.69 and 3.38 sq i n . ) .  
tests were conducted a t  a r a d i a l  Reynolds number of approximately Re, = 110. 

(1) helium/ 

All 

The r e s u l t s  of these  tests a r e  presented i n  Figs .  18 through 23. The 
containment data (Figs. 18, 20 and 22) a l l  show the  same t r end  observed i n  
preceding t e s t s ;  pF and & decreasing with increasing WB/WF. The containment 
data  i n  Fig.  18 f o r  t h e  heliwn/iodine m i x t u r e  ind ica te  t h a t  values of average 
p a r t i a l  pressure r a t i o s  between approximately 0.04 and 0.16 were obtained. 
is  a s i g n i f i c a n t  r e s u l t  because these average simulated-fuel p a r t i a l  pressure 
r a t i o s  are only s l i g h t l y  less than the  values required f o r  t h e  spec i f i c  nuclear 
l i g h t  bulb engine described i n  Ref. 22 (pF/PL = 0.21, when & is  based on e n t i r e  
vortex tube volume). 

This 

The simulated-fuel densi ty  d is t r ibu t ions  i n  Fig.  19 f o r  t h e  helium/iodine 



mixture indicate  t h a t  most of t h e  simulated f u e l  was contained ins ide  a radius  
r a t i o  of approximately 0.6, and t h a t  no simulated f u e l  was detected outs ide a 
radius  r a t i o  of 0.8. This r e s u l t  is a l s o  s ign i f i can t  because it indicates  that 
when there  is a s t rong favorable r a d i a l  gradient  of densi ty  (densi ty  increasing 
with increasing rad ius) ,  t he re  is l i t t l e  d i f fus ion  r a d i a l l y  outward near t he  
per ipheral  w a l l .  
would occur i n  the  buffer-gas region due t o  temperature gradients .  
gradients would be r e l i e d  upon t o  prevent turbulent  d i f fus ion  of f u e l  outward 
toward the t ransparent  w a l l .  

I n  t h e  nuclear l i g h t  bulb engine, s t rong  radial densi ty  gradients  
These densi ty  

Comparison of Figs .  19, 21, and 23 ind ica tes  t h a t  as t h e  molecular weight of 
t h e  simulated f u e l  increased from 5 t o  146, t h e  radius  of t h e  cen t r a l  region of 
high simulated-fuel density decreased from approximately 0.6 t o  0.4 times t h e  outer  
radius of t he  vortex tube. Also, as t h e  molecular weight of simulated f u e l  
increased, t h e  average densi ty  of simulated f u e l  which was detected near t h e  vortex 
tube per ipheral  w a l l  increased. 
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LIST OF SYMBOLS 

Simulated-buffer-gas in j ec t ion  area, sq in .  o r  sq f t  

Simulated-fuel i n j ec t ion  area,  sq in .  o r  sq f t  

Diameter of vortex tube, f t  or i n .  

Length of vortex tube, f’t o r  in .  

Molecular weight of 

Molecular weight of 

Molecular weight of 

c a r r i e r  gas i n  simulated-fuel mixture (Eq.  (4 ) )  

simulated f u e l  

iodine, 254 (Eq.  ( 4 ) )  

Total  pressure at vortex tube periphery, l b / f t2  

Local simulated-fuel p a r t i a l  pressure,  l b / f t 2  

Average simulated-fuel p a r t i a l  pressure,  -, lb/ f t2  

Universal gas constant,  1545 f t  lb/mole-deg R 

PFRT1 
mF 

Radial Reynolds number, ‘B f TF dimensionless 
2T/-LBL’ 

Tangential i n j ec t ion  Reynolds number based on average in j ec t ion  veloci ty ,  
pBv+, j q / P B ,  dimensionless 

Tangential Reynolds number based on ve loc i ty  at per iphera l  w a l l ,  
pBV+,prl/& dimensionless 

Local radius  from center l ine  of vortex tube, f t  o r  i n .  

Radius of r a d i a l  s tagnat ion sur face  (see Fig.  1 and Ref. 20), ft o r  in .  

Radius of vortex tube, f t  or i n .  

Temperature of s hulated-buffer-gas  a t  in jec t ion ,  deg R 

Volume of vortex tube, nr12L, f’t3 

Average simulated-buffer-gas in j ec t ion  ve loc i ty  i n t o  vortex tube ,  
WBIPBAJ 9 f’t/sec 
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wB 

wB,TF 

wF 

wI 

wF 

4 
PB 

PF 

PF 

Tangential  ve loc i ty  a t  per iphera l  wall of vortex tube after in jec ted  
flow has been slowed down due t o  peripheral-wall  f r i c t i o n ,  diffusion,  
and j e t  mixing, f t / sec  

Weight flow rate of simulated-buffer gas, lb/sec 

Weight flow r a t e  of simulated-buffer gas removed through thru-flow por t s ,  
lb/sec 

Weight-flm rate of c a r r i e r  gas i n  simulated-fuel m i x t u r e ,  lb / sec  

Weight-flow rate of simulated-fuel mixture, We + WI, lb/sec 

Weight-flow rate of iodine i n  simulated f u e l  m i x t u r e ,  lb/sec 

Total  amount of simulated f u e l  contained i n  vortex tube, l b  

Secondary flow s i m i l a r i t y  parameter, (D/L) (Re 

Density of simulated-buffer gas a t  inject ion,  lb / f t3  

o'8)/Rer, dimens ionless  
t , P  

Local simulated-fuel densi ty  a t  a given radius, 

Average simulated-fuel density,  lb/ft3 

Laminar v i scos i ty  of simulated-buffer gas, lb / f t - see  
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FIG. 1 

SCHEMATIC DIAGRAMS OF NUCLEAR LIGHT BULB ENGINE 
AND DESIRED FLOW PATTERN 

a) UNIT CAVITY OF NUCLEAR LIGHT BULB ENGINE 
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FIG. 2 . 
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FIG. 3 
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FIG. 4 

PHOTOGRAPHS OF VORTEX TUBES 

a) DIRECTED-WALL-JET VORTEX TUBE 

DIRECTED-WALL-JET INSERTS [INJECTION SLOT 

TEST-SECTION END FLANGE 'BLANK INSERTS 

b) MULTIPLE-FIXED-PORT VORTEX TUBE 

PERIPHERAL BYPASS PLENUMS(4)\ /-BYPASS FLOW DUCTS ( 4 )  

28 



FIG. 5 

DETAILS OF VORTEX TUBES 

SEE FIG. 6 FOR DETAILS OF SIMULATED-BUFFER-GAS 
INJECTION CONFIGURATIONS AND FIGS. 7 AND 8 FOR DETAILS 

OF SIMULATED-FUEL INJECTION CONFIGURATIONS 

A L L  DIMENSIONS IN INCHES 

a) DIRECTED-WALL-JET VORTEX TUBE WITH AXIAL BYPASS 

l.O-IN.-ID THRU-FLOW PORTS (BOTH END WALLS) 

TYPICAL WALL JETS: IS O R 3 0  

JETS PER AXIAL ROW 
SECTION A-A 

IRE CT E D-W A L L- J ET I N S E RT S; 0.125-IN.-WIDE ANNULIJS FOR 

5 AXIAL ROWS EQUALLY SPACED 

AROUND PERIPHERY 

REMOVAL OF AXIAL BYPASS FLOW 

b) MULTIPLE-FIXED-PORT VORTEX TUBE WITH PERIPHERAL BYPASS 

SECTION 8-8  
1.0-IN.-ID THRU-FLOW PORT 

JECTION PORTS; 24 AXIAL 
ROWS, 119 PORTS PER ROW 



FIG. 6 * 

DETAILS OF SIMULATED-BUFFER-GAS INJECTION CONFIGURATIONS 

SEE FIG. 5 FOR DETAILS OF VORTEX TUBES 

A L L  DIMENSIONS IN INCHES 

a) DIRECT ED-WALL-J ET INJ ECTlON 

r DIRECTED-WALL-JET INSERT r S L O T  HEIGHT- 0.045 

OUTER CYLINDRICAL 
SHELL 

INJECTION PLENU 

SEE DETAILS 

l”FR W A L L  O F  

VOR w 

/ 

‘H- 0.50 

\ 
INSERT 

R A C F  

INSERT MAY BE ROTATED F U L L  
360 DEG (ONLY CIRCUMFERENTIAL 
INJECTION USED FOR THIS 
TEST PROGRAM) 

DETAILS OF INSERT 

b) MULTl PL E- FI XED- PORT IN J ECTl ON 

OUTER CYLINDRICAL SHELL 

AT 

INJECTION HOLES 

EACH OF 119 AXIAL STAT1 7-7- 
19 DEG 

I x INNER .;ALL OF 
VORTEX TUBE 

DIRECTION OF 
LOCAL TANGENT 



DETAILS OF SIMULATED-FUEL INJECTION CONFIGURATIONS 
SEE FIG. 5 FOR DETAILS OF VORTEX TUBES AND FIG. 8 FOR PHOTOGRAPHS 

A L L  DIMENSIONS IN INCHES 

a) INJECTION FROM END WALL WITHOUT SWIRL 

A-l 
SECTION A-A 

ECTION IN AXlA 
IRECTION ONLY 

TH RU- F LO V 
PORTS(2) 

[ LzJ 
10 TUBES: O.lO-IN.-ID, 

0.125-IN.-LONG 

b) INJECTION FROM END WALL WITH SWIRL 

SECTION B-B 

INJECTION IN 

DIRECTION ONLY 

L 10 WALL JETS: SLOTS 
0.5-IN.-WIDE BY 0.045- 
IN.-HIGH (SEE FIG. 6a) 

C )  INJECTION FROM PERIPHERAL WALL 

SECTION C-C INJECTOR RING 

INJECTION IN 
ADIAL DIRECTION 

ONLY 

12 TUBES: 0.10-IN.-ID, 
0.5-IN.-LONG 

FIG. 7 

3 1 



FIG: 8 . 
PHOTOGRAPHS OF SIMULATED-FUEL-INJECTION CONFIGURATIONS 

SEE FIG.7  FOR DETAILS 

a) END WALL FOR INJECTION WITHOUT SWIRL 

AXIAL-FLO 
ANNULUS 

END WALL 

INJECTION TUBES (10) 

THRU-FLOW PORT 

WINDOW FOR LIGHT-BEAM 
TRAVERSE 

b) END WALL FOR INJECTION WITH SWIRL 

WALL JETS (10) 

C )  INJECTOR RING FOR PERIPHERAL-WALL INJECTION 

HOLES CLOSED USING BLANK 
WALL-JET INSERTS 

INJECTOR RING 

INJECTION TUBES ( 1 2 )  
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EFFECT OF CHANGES IN SIMULATED-FUEL 
INJECTION CONFIGURATION ON CONTAINMENT 

SYMBOL Re+,j 

MULTIPLE-FIXED-PORT VORTEX TUBE WITH PERIPHERAL BYPASS 

SEE TABLE I AND FIGS. 4 THROUGH 8 FOR DETAILS OF CONFIGURATIONS TESTED 

S IMULATED FUE L-- F LUOROC AR BON/IODIN E MIXTURE, m F= 400 

Pt 
SIMULATE D-F U E L 1 w B / w F  1 INJECTION CONFIGURATION 1 W - L B/SE C 

0 263.000 0.60 19 END WALL WITHOUT SWIRL 7000/Re, 

a 

264,000 0.60 19 END WALL WITH SWIRL 1 
0 187,000 0.44 4 1  

264,000 0.60 58 END WALL WITHOUT SWIRL 

5300/Re, PERIPHERAL WALL AT 
L AXIAL MID-PLANE 
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FIG. 10 

EFFECT OF CHANGES IN SIMULATED-FUEL INJECTION CONFIGURATION 
ON RADIAL DISTRIBUTION OF SIMULATED FUEL 

SEE FIG. 9 FOR CORRESPONDING CONTAINMENT DATA 

MULTIPLE-FIXED-PORT VORTEX TUBE WITH PERIPHERAL BY PASS 

SEE TABLE I AND FIGS. 4 THROUGH 8 FOR DETAILS OF CONFIGURATIONS TESTED 

SIMULATED FUEL--FLUOROCARBON/IODlNE MIXTURE, mF= 400 

Re, z 100 (CONSTANT) 

263,000 0.60 19 END WALL WITHOUT SWIRL 70 0 

a 264,000 0.60 58 END WALL WITHOUT SWIRL 70 

264.000 0.60 19 END WALL WITH SWIRL 70 - . - - -  ~~ 

I 

0 187.000 0.44 41 PERIPHERAL WA 53 I AXIAL MiD-pLANY AT I 
I 

"1.0 0.8 0.6 0.4 0.2 0 0.2 0.4 0.6 0.8 1.0 
RADIUS RATIO, r/r l  

UPPER TRAVERSE LOWER TRAVERSE 



FIG. 11 

0.2 

0.01 

EFFECT OF CHANGES IN THRIJ-FLOW CONFIGURATION ON CONTAINMENT 

DIRECTED-WALL-JET VORTEX TUBE 

SEE TABLE I AND FIGS. 4 THROUGH 8 FOR DETAILS OF CONFIGURATIONS TESTED 

SIMULATED FUEL-- SULFUR-HEXAFLUORIDE/lODlNE MIXTURE, m F =  146 

SIMULATED-BUFFER-GAS INJECTION AREA, Aj = 3.38 SQ IN. 

Re, I 100 (CONSTANT), 

Wg = 0.24 (CONSTANT), RetJ = 270,000 (CONSTANT), pt = 58 

PERCENT BYPASS = 90 (CONSTANT) 

I 0 I BOTH ENDWALLS I 

W 
K 

0.02 
W 
K 
n. 

W 
0 
4 e 
w 
> 
4 

0.002 

10 20 50 100 200 500 

WEIGHT FLOW RATE OF SIMULATED-BUFFER GAS WB , -  
WEIGHT FLOW RATE OF SIMULATED FUEL WF 
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FIG. 12 

SYMBOL 

0 

W B / W F  THRU-FLOW PORTS USED 

16.6 L E F T  ENDWALL 

RADIUS RATIO, r/rl 

UPPER TRAVERSE LOWER TRAVERSE 
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FIG. 13 

SYMBOL 

w k  
O J  

W s i  
s 2  
> 

PERCENT 
Re r BY PASS I P ,  I 

EFFECT OF RADIAL REYNOLDS NUMBER ON SIMULATED-FUEL CONTAINMENT 

DIRECTED-WALL-JET VORTEX TUBE 

SEE TABLE I AND FIGS. 4 THROUGH 8 FOR DETAILS OF CONFIGURATION 

$ IMU L AT ED F U EL- -SU L FUR- H E X AF LUORl D €/IODIN E MI XT UR E; rn F= 146 

SIMULATED-BUFFER-GAS INJECTION AREA, Aj = 3.38 SQ IN. 

W B =  0.240 LB/SEC (CONSTANT) 

R e + j  = 270.000 (CONSTANT) 

209 78. 2a 

P =I v) 
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FIG. 14 

EFFECT OF RADIAL REYNOLDS NUMBER ON RADIAL DISTRIBUTION OF SIMULATED FUEL 

0 

A 

0 

0 

SEE FIG. 13 FOR CORRESPONDING CONTAINMENT DATA 

DIRECTED-WALL-JET V O R T E X T U B E  

SEE TABLE I AND FIGS. 4 THROUGH 8 FOR DETAILS OF CONFIGURATION 

SIMULATED FUEL-- SULFUR-HEXAFLUORIDE/IODlNE MIXTURE; m F =  146 
SIMULATED-BUFFER-GAS INJECTION AREA, Aj = 3.38 S Q  IN. 

W B =  0.240 LB/SEC (CONSTANT), Re,.; = 270,000 (CONSTANT) 

0 31.3 100 m 

54 31.2 95 109 

106 32.1 90 55 

209 31.6 7a 2a 

1.0 0.8 0.6 0.4 0.2 0 0.2 0.4 0.6 0.8 1.0 

RADIUS RATIO, r/rl 
UPPER TRAVERSE LOWER TRAVERSE 
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FIG. 15 

1 

SIMULATED-FUEL CONTAINMENT WITH NO BYPASS FLOW WITHDRAWAL 

DIRECTED-WALL-JET VORTEX TUBE 
SEE TABLE I AND FIGS. 4 THROUGH 8 FOR DETAILS OF CONFIGURATION 

SIMULATED FUEL--NITROGEN/IODINE MIXTURE; m F  = 29 

SIMULATED-BUFFER-GAS INJECTION AREA, Aj = 1.69 50 IN. 

PERCENT BYPASS= 0 (CONSTANT) 

SYMBOL F 30,600 0.0132 

59,100 110 0.0257 12.8 

114,000 I 214 I 0.0502 I 11.2 1 
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FIG. 16 
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TYPICAL RADIAL DISTRIBUTIONS OF SIMULATED FUEL 
WITH NO BYPASS FLUW WITHDRAWAL 

SEE FIG. 15 FOR CORRESPONDING CONTAINMENT DATA 

DIRECTED-WALL-JET VORTEX TUBE 

SEE TABLE I AND FIGS. 4 THROUGH 8 FOR DETAILS OF CONFIGURATION 

SIMULATED FUEL--NITROGEN/IODINE MIXTURE; m F =  29 

SIMULATED-BUFFER-GAS INJECTION AREA, Aj = 1.69 SQ IN. 

PERCENT BYPASS = 0 (CONSTANT) 
W F  = 0.0021 LB/SEC (CONSTANT) 

30,600 56 0.0132 6.4 14.9 
- __._____..I_ 
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n 59,100 110 0.0257 12.2 12.8 
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FIG. 17 

Re, . .J 
SYMBOL 

U 
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Bt 
PERCENT 

BY PASS 
WB-LB/SEC WB,TF/WF 
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COMPARISON OF RADIAL DISTRIBUTIONS OF SIMULATED FUEL 
FOR VORTEXES WITH DIFFERENT TANGENTIAL 

REYNOLDS NUMBERS AND CONSTANT RADIAL REYNOLDS NUMBER 

DIRECTED-WALL-JET VORTEX TUBE 

SEE TABLE I AND FIGS.4 THROUGH 8 FOR DETAILS OF CONFIGURATION 

SIMULATED FUEL--NITROGEN/IODINE MIXTURE; mF = 29 

SIMULATED-BUFFER-GAS INJECTION AREA, Aj = 1.69 SQ IN. 

Re, = 110 (CONSTANT), W F  = 0.0048 LB/SEC (CONSTANT) 

1.0 0.8 0.6 0.4 0.2 O 0.2 0.4 0.6 0.8 1.0 
RADIUS RATIO, r / r l  

UPPER TRAVERSE LOWER TRAVERSE 
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FIG,. 18 

CONTAINMENT DATA OBTAINED WITH HELIUM/IODINE MIXTURE 
AS SIMULATED FUEL 

DIRECTED-WALL-JET VORTEX TUBE 

SEE TABLE I AND FIGS. 4 THROUGH 8 FOR DETAILS OF CONFIGURATION 

Re, I 110 (CONSTANT) , rn F = 5 

PERCENT SYMBOL A.-SQ IN. Ret,j WB-LB/SEC BYPASS pt 

0 1.69 268,000 0.12 79 43 

J 

A 3.38 136,000 0.12 79 '3 1 

0 3.38 272,000 0.24 90 54 

li 'i""' 
200 500 10 20 50 100 

WEIGHT FLOW RATE OF SIMULATED-BUFFER GAS t- '6 

WEIGHT FLOW RATE OF SIMULATED FUEL WF 
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o? 

RADIAL DISTRIBUTIONS OF SIMULATED FUEL OBTAINED 
WITH HELIUMAODINE MIXTURE AS SIMULATED FUEL 

SEE FIG. 18 FOR CORRESPONDING CONTAINMENT DATA 
DIRECTED-WALL-JET VORTEX TUBE 

S E E  TABLE I AND FIGS. 4 THROUGH 8 FOR DETAILS OF CONFIGURATION 
SIMULATED-BUFFER-GAS INJECTION AREA, Aj = 3.38 SQ IN. 

CONSTANTS: Re, = 105, PERCENT BY PASS = 90%. 
Wg = 0.240 LB/SEC, Re, . = 272,000, ,!j+ = 54, m F  = 5 

,J 

I a I 110 I 

0.05 

0.04 

0.03 

0.02 

0.0 1 

0 
1.0 0.8 0.6 0.4 0.2 0 0.2 0.4 0.6 0.8 1.0 

RADIUS RATIO, r / r l  

UPPER TRAVERSE LOWER TRAVERSE 
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FIG. 20 

CONTAINMENT DATA OBTAINED WITH NITROGEN/IODINE MIXTURE 
AS SIMULATED FUEL 

DIRECTED-WALL-JET VORTEX TUBE 

SEE TABLE I AND FIGS. 4 THROUGH 8 FOR DETAILS OF CONFIGURATION 

Re,  = 110 (CONSTANT), m F =  29 

SYMBOL E Aj -SQ IN. Re, . Ws-LB/SEC PERCENT BYPASS pt 
1.69 268.000 0.12 79 43 

3.38 I 139,000 I 0.12 I 79 I 3’ I 
3.38 272,000 0.24 90 54 I 
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FIG. 21 

RADIAL DISTRIBUTIONS OF SIMULATED FUEL OBTAINED WITH NITROGEN/IODINE 
MIXTURE AS SIMULATED FUEL 

SEE FIG. 20 FOR CORRESPONDING CONTAINMENT DATA 

DIRECTED-WALL-JET VORTEX TUBE 

SEE TABLE I AND FIGS. 4 THROUGH 8 FOR DETAILS OF CONFIGURATION 

SIMULATED-BUFFER-GAS INJECTION AREA, Aj  = 3.38 S Q  IN. 

CONSTANTS: Re,= 107 PERCENT BYPASS = 9076, 

Wg = 0.240 LB/SEC Ret,j = 272,000 , t = 54, mF = 29 
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FIG. 22 

CONTAINMENT DATA OBTAINED WITH SULFUR-HEXAFLUORIDE/lODlNE MIXTURE AS 
SIMULATED FUEL 

DIRECTED-WALL-JET VORTEX TUBE 

SEE TABLE I AND FIGS. 4 THROUGH 8 FOR DETAILS OF CONFIGURATION 

Re, = 110 (CONSTANT), m~ = 146 
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RADIAL DISTRIBUTIONS OF SIMULATED FUEL OBTAINED 
WITH SULFUR-HEXAFLUORIDEAODINE MIXTURE AS SIMULATED FUEL 

0.25 

0.20 

0.15 

0.10 

0.05 

0 

SEE FIG. 22 FOR CORRESPONDING CONTAINMENT DATA 

DIRECTED-WALL-JET VORTEX TUBE 

SEE TABLE I AND FIGS. 4 THROUGH 8 FOR DETAILS OF CONFIGURATION 

SIMULATED-BUFFER-GAS INJECTION AREA, Aj = 3.38 SQ IN. 

CONSTANTS: Re, = 106, PERCENT BYPASS = 90%. 
Wg = 0.240 LB/SEC, Re,,j = 272,000, Bt = 5 4 ,  m F =  146 
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